Introduction
Autofrettage is used to introduce beneficial compressive hoop stress at the bore of pressure vessels which enhances also the fatigue life limits. Though the history of high pressure technology is very old ͑historical review and advancements is given by Kendall ͓1͔ and Perl and Arone ͓2͔͒ and the theoretical understanding of the pressurized thick-walled cylinders is well established, there are interesting challenges still ahead.
There have been numerous papers, spanning almost two decades, relating to the modeling of the unloading behavior of autofrettage steels and the subject is still of interest.
Milligan et al. ͓3͔ showed there exist a profound influence of the Bauschinger ͓4͔ effect, which serves to reduce the yield strength in compression as a result of prior tensile plastic overload, in high strength steels. They also showed that the Bauschinger effect factor ͑BEF͒ is a function of plastic strain. This dependency was formulated later by Kendall ͓5͔. With the exception of few, none of the works regarding BEF recorded the actual loading-unloading behavior. In many of these investigations the uniaxial stress-strain curve was obtained to find the values of the modulus of elasticity, Poisson's ratio and yield strength. However, a few measured and recorded the unloading behavior. Stacey and Webster ͓6͔ ͑Fig. 2͒ recorded experimentally obtained stress-strain curve for AISI 4333 steel. It is seen from these results that the unloading behavior is nonlinear from the starting point and a hardening effect is experienced by the material afterwards.
Chaaban ͓7͔, in a rather complex manner, provided a method of generating stress-strain curves as a function of plastic strain by introducing fictitious thermal loads. This method, which was basically designed for use with a FEM commercial package, considers the dependency of BEF on plastic over strain. Chaaban et al. ͓8͔ used bilinear model to calculate autofrettage residual stress. Obviously, the method needs actual unloading curve to be incorporated.
Chen ͓9͔ proposed a bilinear approximation of the unloading curve to account for both, the Bauschinger effect which reduces the yielding in compression and also to account for the hardening effect after yielding. This method needs actual curve to come up with slope of two lines of bilinear approximation.
Megahed and Abbas ͓10͔ attempted to follow a full nonlinear unloading profile which is a function of plastic strain, but the analysis requires an empirical equation describing BEF dependence on plastic strain. Their method is limited to materials whose behavior is modeled by power law. The actual curve is needed to come up with corresponding coefficient of power law.
In a similar problem, residual stress in cold worked fastener holes, Possard et al. ͓11͔ recorded the experimentally obtained loading-unloading behavior of high strength Aluminum 2024 T351. This type of aluminum posses a similar behavior to high strength steels. This work records unloading behavior at three different level of over strain. The change in unloading behavior due to change in plastic strain is evident. Jahed and Dubey ͓12,13͔ showed the significance of considering variable BEF in residual stress calculation in autofrettage tubes. Parker and Underwood ͓14͔ and Parker et al. ͓15͔ reviewed and compared extensively different unloading models.
The purpose of this paper is to introduce a simple method for obtaining actual unloading behavior of autofrettage steels. A typical high strength steel is selected and corresponding first cycle loading-unloading curve is obtained using a simple forwardreverse torsion test.
Using the experimental results, different ideal models including bilinear models are evaluated.
The variable material properties ͑VMP͒ method of Jahed ͓16͔ and Jahed and Dubey ͓13͔ is employed to predict the residual stress field due to autofrettage based on the actual unloading behavior. The significance of utilizing actual behavior as oppose to ideal models is discussed. It is then suggested that, by using this simple test, unloading material curve be measured prior to residual stress analysis using the VMP method.
Also, material removal influence on residual stress is studied. The removal process is first simulated using ANSYS ͓17͔ FEM commercial software to verify recommended methods for analysis of machined tubes. It is also shown that final residual stress after material removal is depending on actual unloading behavior.
Test Procedure and Theory.
A method of testing developed by Baily ͓18͔ is used to determine the first cycle material curve. In this method a solid circular specimen is subjected to forwardreverse torsion. The first cycle curve is obtained for points on the surface of the specimen. As oppose to tubular specimen where plastic instability occurs very fast, here due to the elastic interior points, large strains may be applied.
In this test following assumptions are made: 1͒ The material is homogeneous and isotropic. 2͒ Twist per unit length of the round specimen is constant. 3͒ Plane sections remain plane after deformation. 4͒ Initially straight radii remains straight after deformation. Figure 1 shows deformation of a of circular section under torsion.
Assuming above constraints the circumfrential displacement is given by
where (d/dz) is the twist angle per unit length. Therefore with the use of second assumption the twist angle per unit length may be replaced by (/L), where L is the gage length of the specimen.
The only nonzero component of strain is ␥ z and hence there is only one nonzero component of stress, z . The stress distribution across section is given by
where G is the shear modulus, r is the section radius. Torque ͑T͒ transmitted by the section is
where a is the cylinder radius. Hence, elastic torsion formula is yielded,
where J is the polar moment of inertia. Substitution of ␥ϭr/L in Eq. ͑3͒ gives the following:
where ␥ a is shear strain at the surface of the cylinder and l is twist angle per unit length.
The following constitutive shear stress-strain relation is assumed:
Hence, Eq. ͑5͒ will take the following form:
Using the compatibility relation of ␥ a and l and differentiation of equilibrium Eq. ͑7͒ the following is obtained:
In Eq. ͑8͒, the total value of transmitted torque and the twist angle per unit length l can be measured directly from the torsion test. Also, the value of dT/d l can be calculated numerically or graphically once the TϪ l diagram is obtained from the test. Moreover, the shear strain at the outer surface of the cylinder is determined by the following equation:
Hence, the shear stress-strain curve of the material is obtained. The obtained curve ͑data͒ may be used directly in the calculations of the residual stresses or be converted to normal stressstrain curve with the use of effective values. For two common yield criteria, i.e., von Mises and Tresca, equivalent values are as follows:
where M , M are the von Mises equivalent strain and stress and T , T are the Tresca equivalent strain and stress, respectively.
Test Equipments and Material.
The tests are carried out in fatigue laboratory at IUST. Advanced torsion test equipment ͑SM-21͒ is used.
The material used in the tests is NiCrMoV125 steel with the following chemical composition:
carbon 0.3-0.4, silicon 0.15-0.35, manganese 0.4 -0.7, nickel 2.5-3.5, vanadium 0.08 -0.2, aluminum 0.05 and lower, phosphorous 0.015, sulfur 0.015 and lower.
Test specimens are made from virgin material at different orientations ͑i.e., circumferential, radial and longitudinal͒. A typical specimen drawing is shown in Fig. 2 ͑all dimensions in mm͒.
Tests are conducted on 25 different specimens to reduce measurements error. Three different curves are fitted through regions of elastic loading, plastic loading and unloading of the material. Figure 3 shows the first cycle stress-strain curve at three different plastic strain values ͑1, 2, and 3 shown in Fig. 3͒ .
Test results show a perfectly plastic behavior during loading and a complete nonlinear behavior upon unloading. It is evident that the unloading behavior cannot be modeled by any of the ideal models. Figure 4 compares the actual behavior and ideal models. Transactions of the ASME Residual Stress: Actual Behavior Versus Ideal Models. The results in previous section show that not only the BEF depends on the amount of over strain but also material behaves in a nonlinear fashion as soon as unloading starts. Hence, a nonlinear analysis for the unloading is necessary. It is important to note that the ideal models, like Chen's ͓9͔ bilinear model, need actual unloading curve to come up with good approximation for linearization of unloading behavior. If such curve is obtained it might be as well used in the analysis directly. Since the VMP method is capable of utilizing the actual behavior, it is believed to be the most accurate method for residual stress prediction in autofrettage.
To compare the results of different models and to show the significance of using actual unloading behavior, a cylinder of 146 mm ID and 305 mm OD of the same material used for experiments in previous section is used for the analysis. The autofrettage pressure is assumed to be 736 MPa. Figure 5 shows the comparison of the results obtained from ideal ͑isotropic and kinematic hardening reveal the same results͒ models and that of actual behavior.
Here, unloading behavior at three different plastic strain ͑i.e., 0.005, 0.0152, and 0.0254͒ is available and for points in between an interpolation is used. It is seen from Fig. 5 that there is a 100% overestimation by the ideal models.
The closest model to actual behavior is that of the bilinear model expressed as a function of plastic strain. The results of using the bilinear model are compared with the actual behavior in Fig. 6 . While the results are improved by using bilinear model with appropriate slopes, still there is a 30% overestimation of compressive hoop stress at the bore. Also, the bilinear model shows a clear reversed yielding zone near the bore which is not seen when actual unloading behavior is used.
Unlike the ideal and bilinear models, the actual unloading results do not show a sharp maximum residual tensile stress nor does it suggest that it occurs at the elastic-plastic radius.
Material Removal Influence on Residual Stress. It is frequently the case that material is removed from inside diameter and/or outside diameter of a tube after autofrettage. This process changes the residual stress field. To estimate the influence of material removal on residual stress induced by autofrettage, different methods have been proposed. Parker et al. ͓15͔ have summarized different scenarios.
To evaluate these common methods, the process is simulated using ANSYS ͓17͔ finite element commercial software. To do this, a cylinder is loaded in three steps. First it is pressurized to autofrettage pressure and a nonlinear elasticplastic analysis is performed. Then, the pressure is removed by performing another nonlinear analysis. Here, a bilinear behavior is assumed for unloading analysis. In the third step, with the use of element birth and death option of ANSYS ͓17͔, removal is simulated by killing corresponding elements. Here, different sequences may be studied subdividing the third step to two steps. That is, killing the inside diameter elements first followed by killing the outside elements or vice versa.
By using the VMP method and assuming same unloading model as the one used in ANSYS, the following scenario matches the simulation results.
Assume original cylinder of inner and outer radii as b and c, respectively. Let the final dimension of machined tube be bЈ and cЈ. Also, let the radial residual stress be r R . The following four steps are then performed.
͑1͒ Calculate the residual stresses of an autofrettaged cylinder with dimensions b and c. ͑2͒ Determine residual radial stress at bЈ and cЈ ͑i.e., r R (bЈ) and r R (cЈ). ͑3͒ Calculate the stress field in a cylinder with dimensions, bЈ and cЈ, under internal pressure r R (bЈ) and external pressure r R (cЈ). ͑4͒ Superpose the results of step 3 on the results of step 1. The results obtained from ANSYS is compared to the VMP method using the above four steps ͑Fig. 7͒.
The two results agree very well. Hence, the above four steps is used with actual behavior. The same cylinder is considered and the above four steps are performed using actual material loadingunloading behavior. The final residual stresses are shown in Fig. 8 .
Again, by comparing Figs. 7 and 8, the final stress field in the machined tube is highly overestimated when ideal models are used.
Conclusions
A simple test for obtaining actual loading-unloading material behavior was discussed. It was shown that usual testing problems, like plastic instability and buckling, will not happen in forwardreverse torsion of a solid cylinder.
Material loading-unloading of DIN1.6959 steel was measured and compared with the common ideal models. It was shown that the material follow a nonlinear behavior as soon as it is unloaded.
The VMP method, which is capable of considering unloading curve as it is, was implemented to calculate the autofrettage residual stress field. The calculated values was compared with estimations of ideal and bilinear models. It was shown that the discrepancy of the results at the bore is significant. It was then proposed that as long as the actual unloading behavior is available, the VMP method can be used for more accurate results.
Material removal process was simulated using FEM commercial software. The recommended methods for consideration of material removal were evaluated. Based on this evaluation, one of the consistent methods was used with the VMP method to calculate the final stress distribution upon material removal. It was shown again that actual unloading results of the final residual stress differs significantly from the common models. Transactions of the ASME
